We report the successful cryopreservation of in vitroproduced porcine zygotes. Follicular oocytes from prepubertal gilts were matured (IVM), fertilized (IVF), and cultured (IVC) in vitro. At 10 or 23 h after IVF, the oocytes were centrifuged to visualize pronuclei. Zygotes with two or three pronuclei were used for solid surface vitrification (SSV). Survival of vitrifiedwarmed zygotes was determined by their morphology. To assess their developmental competence, vitrified (SSV), cryoprotectant-treated (CPA), and untreated (control) zygotes were subjected to IVC for 6 days. Survival and developmental competence did not differ between control and CPA zygotes. The proportion of live zygotes after SSV and warming (93.4%) was similar to that in the controls (100%). Cleavage and blastocyst formation rates of SSV zygotes after vitrification (71.7% and 15.8%, respectively) were significantly lower than those of controls (86.3% and 24.5%, respectively; ANOVA P , 0.05). Blastocyst cell numbers of SSV and control embryos were similar (41.2 6 3.4 and 41.6 6 3.3, respectively). There was no difference in developmental ability between zygotes cryopreserved at an early (10 h after IVF) or late (23 h after IVF) pronuclear stage. Storage in liquid nitrogen had no effect on the in vitro developmental competence of vitrified zygotes beyond the reduction induced by the vitrification itself. When the embryo culture medium was supplemented with 1 lM glutathione, the rate of development of cryopreserved zygotes to the blastocyst stage did not differ significantly from that of control glutathione-treated zygotes (18.6% and 22.1%, respectively). To test their ability to develop to term, vitrified zygotes were transferred to five recipients, resulting in three pregnancies and the production of a total of 17 piglets. These data demonstrate that IVM-IVF porcine zygotes can be cryopreserved at the pronuclear stage effectively without micromanipulation-derived delipation, preserving their full developmental competence to term.
INTRODUCTION
Embryos of the domestic pig are known to be difficult to cryopreserve by slow freezing or vitrification because of their large numbers of lipid droplets, which are characteristic of this species. Traditional slow freezing has a very low effectiveness in pig embryos [1, 2] , although some success had been reported since the late 1980s [3] [4] [5] . A remarkable breakthrough to increase the efficacy of cryopreservation of porcine embryos was reported by Nagashima et al. [6, 7] , who found that mechanical removal of intracellular lipid (a method referred to as ''delipation'') in early-stage embryos significantly increased their tolerance to chilling and cryopreservation.
Compared with slow-freezing, vitrification methods involving very rapid cooling and warming appear to be more promising for the cryopreservation of porcine embryos [8] . Different vitrification techniques have been applied to porcine embryos so far, with varying success [9] [10] [11] [12] [13] [14] . The efficiency of vitrification of porcine embryos is affected greatly by the origin and the developmental stage of the embryos: the greatest numbers of piglets from the transfer of vitrified embryos have been obtained from in vivo-derived blastocysts [12, [15] [16] [17] . Some success in the vitrification of porcine embryos at the morula and early blastocyst stages has also been reported, resulting in live offspring [13, 18] . However, embryos at the expanded blastocyst and hatched blastocyst stages appear to survive the vitrification procedure at greater rates than embryos at the morula or early blastocyst stage [15, 19] .
After cryopreservation, embryo survival is usually evaluated by morphology or by the ability of the embryo to reexpand the blastocoel. Nevertheless, even those embryos that survive cryopreservation may suffer different kinds of severe cryodamage, such as cytoskeleton damage [15] , mitochondrial damage and dysfunction [20, 21] , or DNA fragmentation [22] . Also, cryopreservation causes the accumulation of free oxygen radicals [21] , which are known to contribute to various types of embryo damage, such as mitochondrial alterations, ATP depletion, apoptosis, or two-cell embryo block in mice [23] . Hence, the ability of cryopreserved embryos to develop further may be compromised, especially during in vitro culture (IVC), where the embryos must deal with an abnormally high oxygen tension compared with in vivo conditions. For the IVC of embryos destined for cryopreservation, therefore, the reduction of oxidative stress is suggested. This may be achieved by the use of natural antioxidants, such as glutathione (GSH), which has been proven to reduce peroxide levels in porcine embryos [24] . In the pig, the developmental potential of in vitroproduced (IVP) embryos is lower than in vivo-produced ones owing to the high rates of polyspermy that occur during in vitro fertilization (IVF) and stresses such as oxidative stress that occur during IVC [25] . Therefore, cryopreservation of IVP embryos has been considered more difficult than that of in vivo-produced embryos. Nevertheless, some success in the cryopreservation of IVP embryos produced by IVF or parthenogenesis has been reported recently [14, 26] . Although modifications of embryo culture media and embryo pretreatment with lipolytic and apoptosis-inhibiting agents have resulted in improved cryosurvival of IVP porcine blastocysts [27, 28] , the transfer of such embryos has not resulted in live births. The first piglets derived from cryopreserved IVP embryos were obtained only recently by vitrification of mechanically delipated embryos [29, 30] .
An alternative way of improving the in vivo developmental ability of IVP embryos after cryopreservation may be their vitrification and transfer at a very early developmental stage to avoid the stresses caused by inappropriate culture conditions. Vitrification of in vitro-matured and in vitro-fertilized embryos at the pronuclear stage may therefore be advantageous by the prevention of stresses that arise during in vitro embryo culture. Cryopreservation of pronuclear-stage zygotes is routinely performed in humans [31] . Successful vitrification of zygotes has already been reported in a number of species, including the mouse [32] [33] [34] , the rat [35, 36] , and the rabbit [37] [38] [39] . Cryopreservation of zygotes may have importance in the production of transgenic animals, because cryopreserved pronuclear-stage zygotes have been successfully used for DNA microinjection [34, 36, [40] [41] [42] . Nevertheless, for decades there had been no reports of the cryopreservation of zygotes in livestock species, such as cattle and pigs. Recently, our group was the first to report the in vitro production of blastocysts from IVP porcine zygotes cryopreserved by solid surface vitrification (SSV) after visualization of the pronuclei by centrifugation [43] . The question remains, however, as to whether vitrified zygotes can develop to term, because the cryopreservation procedure might alter important processes such as DNA synthesis, which occurs at the pronuclear stage [44] . Here, we report the cryopreservation of IVP porcine zygotes by SSV after centrifugation without delipation. Our objectives were to study the effects of cryoprotectant treatment, storage period, and exact time of the pronuclear stage on the developmental ability of vitrified porcine zygotes. Developmental ability to the blastocyst stage was investigated during IVC. Also, vitrified zygotes were transferred to recipients to test their ability to develop to term. Finally, in a series of experiments we investigated the effect of GSH supplementation on the in vitro developmental ability of vitrified zygotes.
MATERIALS AND METHODS

Oocyte Collection and In Vitro Maturation
Collection and in vitro maturation (IVM) of porcine follicular oocytes were performed according to the method of Kikuchi et al. [45] . Ovaries from prepubertal cross-bred gilts (Landrace, Large White, and Duroc breeds) were collected at a local slaughterhouse and transported to the laboratory in Dulbecco PBS (Nissui Pharmaceutical Co. Ltd., Tokyo, Japan) at 358C to 378C within 1 h. Cumulus-oocyte complexes (COCs) were collected by scraping of 3-to 6-mm follicles into a collection medium consisting of Medium 199 (with Hanks salts; Sigma Chemical Co., St. Louis, MO) supplemented with 5% (v/v) fetal bovine serum (Gibco/Invitrogen Corp., Carlsbad, CA), 20 mM HEPES (Dojindo Laboratories, Kumamoto, Japan), and antibiotics (100 U/ml penicillin G potassium [Sigma Chemical] and 0.1 mg/ml streptomycin sulfate [Sigma Chemical]). Maturation culture was performed initially for 22 h in an atmosphere of 5% CO 2 , 5% O 2 , and 90% N 2 at 398C in a modified North Carolina State University-37 (NCSU-37) solution [46] containing 10% (v/v) porcine follicular fluid, 0.6 mM cysteine (Sigma Chemical), 20 lM bmercaptoethanol (Sigma Chemical), 1 mM dibutyryl cAMP (dbcAMP; Sigma Chemical), 10 IU/ml eCG (Serotropin; ASKA Pharmaceutical Co. Ltd., Tokyo, Japan), and 10 IU/ml hCG (500 units; Puberogen; Novartis Animal Health, Tokyo, Japan) in four-well dishes (Nunclon Multidishes; Nalge Nunc International, Roskilde, Denmark). The porcine follicular fluid was collected in advance by aspiration with a syringe and centrifuged at 1800 3 g for 1.5 h, and the supernatant was stored at À208C. Then, about 1 L of the stock was thawed, mixed, centrifuged again, and stored at À208C as a single batch until use. Cumulus-oocyte complexes were subsequently cultured in the maturation medium without dbcAMP and hormones for an additional 24 h under the same atmosphere. A total of 40-50 COCs were cultured in each well.
IVF and IVC
In vitro fertilization and IVC were carried out according to the method of Kikuchi et al. [45] . At the end of IVM, COCs were transferred for 30 sec into 1 ml of the collection medium supplemented with 0.1% (w/v) hyaluronidase, and the oocytes were then freed from the cumulus cells mechanically with a fine glass pipette in a small amount of hyaluronidase-free collection medium. The denuded oocytes were washed twice in the collection medium, and only those with a visible first polar body were separated under a stereomicroscope and used for IVF. The medium for IVF was a modified pig fertilization medium [47] , which consisted of 90 mM NaCl, 12 mM KCl, 25 mM NaHCO 3 , 0.5 mM NaH 2 PO 4 , 0.5 mM MgSO 4 , 10 mM sodium lactate, 10 mM HEPES, 8 mM CaCl 2 , 2 mM sodium pyruvate, 2 mM caffeine, and 5 mg/ml BSA (Fraction V; Sigma Chemical). After being washed three times in IVF medium, oocytes were transferred into 100-ll IVF droplets in 35-mm plastic dishes (Falcon 351008; Becton Dickinson Labware) covered with paraffin oil (Paraffin Liquid; Nacalai Tesque Inc., Kyoto, Japan). About 20 oocytes were transferred in each droplet. Frozen-thawed Landrace epididymal spermatozoa were preincubated in Medium 199 (with Earle salts, pH adjusted to 7.8; Gibco) for 15 min [48] . A small portion of sperm suspension was introduced into the IVF medium containing oocytes and coincubated for 3 h at 398C under 5% CO 2 , 5% O 2 , and 90% N 2 . The final sperm concentration was 1 3 10 5 cells/ml. After removal of spermatozoa from the surface of the zona pellucida by gentle pipetting with a fine glass pipette, IVC was performed in 500-ll drops of IVC-PyrLac for Days 0-2 (the day of IVF was defined as Day 0), and in IVC-Glu [45] for Days 2-6 in four-well dishes (Nunclon Multidishes) in an atmosphere of 5% CO 2 , 5% O 2 , and 90% N 2 at 398C. The IVC-PyrLac consisted of NCSU-37 [46] without glucose but supplemented with 4 mg/ml BSA, 50 lM b-mercaptoethanol, 0.17 mM sodium pyruvate, and 2.73 mM sodium lactate. The IVC-Glu was the original NCSU-37 containing 5.55 mM glucose and supplemented with 4 mg/ ml BSA and 50 lM b-mercaptoethanol.
Selection of Zygotes
To visualize the pronuclei, inseminated oocytes at 9 h of IVC were placed in 700 ll IVC-PyrLac containing 20 mM HEPES in sterilized 1.7-ml plastic VITRIFICATION OF PORCINE ZYGOTES 43 microcentrifugation tubes (BM4017; BM Equipment Co. Ltd., Tokyo, Japan) and centrifuged at 10 000 3 g at 378C for 20 min. The oocytes then were examined carefully under a stereomicroscope (SZX12; Olympus, Tokyo, Japan) at 1203 magnification on a warm plate (378C). Successful fertilization of oocytes was confirmed by the presence of at least two pronuclei. Location and number of pronuclei were determined by the presence and position of the nucleolus precursor bodies (Fig. 1 ). Oocytes with two or three pronuclei (Fig. 1 , A and B) were washed three times in IVC-PyrLac and subjected to vitrification and IVC, as described below. Oocytes with no pronucleus or more than three pronuclei (Fig. 1, C and D) were discarded.
Vitrification
The zygotes were cryopreserved by the SSV method originally described by Dinnyes et al. [49] , with modifications. In brief, the zygotes were washed three times in a base medium (BM; NCSU-37 supplemented with 20 [50] . Washing and vitrification of zygotes were performed in less than 30 sec. For zygote storage, the vitrified droplets were then placed in 2-ml cryotubes (Iwaki 2732-002; Asahi Techno Glass Co. Ltd., Tokyo, Japan) partly immersed in LN 2 using cooled forceps and then stored in LN 2 for at least 14 days. At the end of the storage period, the cryotubes were unloaded onto the surface of an aluminum foil floating on LN 2 . Vitrified droplets were warmed by transfer with a cooled forceps into a warming solution (0.4 M trehalose in BM) at 378C. At 1-2 min later, zygotes were consecutively transferred for 1-min periods into 500-ll droplets of BM supplemented with 0.2 M, 0.1 M, and 0.05 M trehalose. They were then washed three times in BM at 378C. After being warmed, the vitrified zygotes were either transferred into 500-ll droplets of IVC-PyrLac and subsequently cultured or transferred into recipient gilts without further culture. Viability of zygotes was evaluated by morphological examination under a stereomicroscope. Zygotes with a normal spherical shape and a visible perivitelline space were considered to be live and were selected for further investigation.
Evaluation of IVC Embryos by Orcein Staining
For the evaluation of total cell numbers in embryos on Day 6, IVP embryos at the blastocyst stage were mounted on glass slides and fixed with acetic alcohol (1:3 acetic acid-ethanol) for at least 3 days, then stained with 1% (w/v) orcein in acetic acid, rinsed in glycerol-acetic acid-water (1:1:3) and examined under a phase-contrast microscope with 403 and 1003 objectives.
Effect of Cryoprotectants on In Vitro Development of Porcine Zygotes
Zygotes exposed to equilibration medium, vitrification medium, and warming solutions (cryoprotectant [CPA] group) and untreated zygotes (controls) were subjected to IVC. Cleavage rates on Day 2 and blastocyst formation rates and cell numbers per blastocyst on Day 6 in IVP embryos were compared.
In Vitro Development of Porcine Zygotes Vitrified at the Early or Late Pronuclear Stage
Zygotes vitrified 10 h (early) or 23 h (late) after IVF were warmed immediately, without storage, and then subjected to IVC, as were untreated zygotes (controls). Survival rates and cleavage rates on Day 2 and blastocyst rates and cell numbers per blastocyst on Day 6 in IVP embryos were compared.
Effect of Storage on In Vitro Developmental Ability of Vitrified Porcine Zygotes
Zygotes vitrified 10 h after IVF were either warmed immediately without storage (vitrified) or loaded in cryotubes, stored for at least 14 days, and warmed (vitrified, stored). Their viability and in vitro developmental competence (cleavage rates on Day 2 and blastocyst rates and cell numbers per blastocyst on Day 6) were compared with those of untreated zygotes (controls).
Effect of Vitrification and GSH on In Vitro Development of Zygotes
The effect of supplementation of the IVC medium with 1 lM reduced GSH (Sigma Chemical) on developmental competence (cleavage rates, blastocyst rates, and blastocyst cell numbers) of vitrified and untreated (control) zygotes was investigated in a 2 3 2 factorial experiment. 
Transfer of Vitrified-Warmed Zygotes to Recipients
Protocols for the use of animals were approved by the Animal Care Committee of the National Institute of Agrobiological Sciences (Tsukuba, 
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Japan). In vitro-produced zygotes vitrified 10 h after IVF and stored for at least 14 days were transferred into five recipients, with no IVC taking place before transfer. Estrus synchronization of the recipient nonpregnant gilts (5-8 mo old, 100-110 kg) was achieved by intramuscular injection of 1000 IU eCG followed by an injection of 500 IU hCG 72 h later, as reported previously [51] . After being warmed, vitrified zygotes were transferred to IVC-PyrLac supplemented with 20 mM HEPES as a transfer medium and were introduced surgically to the oviducts of estrus-synchronized recipient gilts, in which ovulation was confirmed at the time of surgery. A total of 150 zygotes per recipient were transferred. Pregnancy was confirmed in the recipients with an ultrasound pregnancy detector (Medeta Systems Ltd., Arundel, U.K.) at least twice between Days 66 and 86 (the day of embryo transfer was defined as Day 0), and the pregnancies were allowed to continue to term.
Statistical Analysis
Percentage data were arcsine transformed. Those data except for the GSH supplementation experiment and cell numbers were analyzed by one-way ANOVA and, if the significance was found in the model, followed by Duncan multiple-range test by the GLM procedure of SAS (Cary, NC). The data from the GSH supplementation experiment were analyzed by two-way ANOVA by the GLM procedure of SAS.
RESULTS
Effect of CPA on In Vitro Development of Porcine Zygotes
Seven replicates of this experiment were performed. There was no significant difference (P , 0.05) in developmental ability between CPA-treated and control zygotes: cleavage rates (86.1% and 88.1%, respectively) and blastocyst formation rates (20.8% and 23.2%, respectively) were similar (Table 1) . Also, no difference was found in the number of cells per blastocyst between CPA-treated and control groups (41.2 and 38.0 cells, respectively).
In Vitro Development of Porcine Zygotes Vitrified at the Early or Late Pronuclear Stage
Five replicates of this experiment were performed. The proportions of live zygotes after vitrification 10 or 23 h after IVF did not differ from that in the control group (97.3%, 96.0%, and 100%, respectively). The percentages of cleaved embryos after vitrification 10 or 23 h after IVF were similar to each other but were both significantly lower than that of the control (64.1%, 71.1%, and 82.6%, respectively; P , 0.05). Similarly, developmental rates to the blastocyst stage of zygotes cryopreserved 10 or 23 h after IVF did not differ from each other, but they were significantly lower than that of the control group (14.5%, 14.8%, and 25.5%, respectively). There was no difference in the total numbers of cells in blastocysts developed from zygotes vitrified 10 or 23 h after IVF or obtained from control zygotes (40.0, 41.2, and 39.0 cells, respectively; Fig. 2 and Table 2 ).
Effect of Storage on In Vitro Developmental Ability of Vitrified Porcine Zygotes
Five replicates of this experiment were performed. There were no significant differences between early zygotes that had been vitrified or vitrified and stored in terms of viability (93.4% and 98.4%, respectively), cleavage (71.7% and 68.3%, respectively), and blastocyst formation rates (15.8% and 15.2%, respectively), and numbers of cells per blastocyst (41.2 and 39.4 cells, respectively; Table 3 ).
Effect of Vitrification and GSH on In Vitro Development of Zygotes
Six replicates of this experiment were performed. We examined the survival and developmental ability of vitrified or nonvitrified zygotes cultured with or without GSH (Table 4) . We also performed two-way ANOVA (F values and significance levels) on the rates of zygote survival, cleavage on Day 2, and blastocyst formation on Day 6 (Table 5) . These analyses revealed a significant difference (P , 0.05) in only one factor (vitrified vs. nonvitrified): vitrification caused a significant decrease in the ability of zygotes to develop to the blastocyst stage (e.g., from 27.1% to 11.0% in the GSH-free culture group). The other parameters (zygote survival, cleavage on Day 2, and number of cells per blastocyst on Day 6) were not affected by the two treatments (vitrification and/or culture with GSH).
Transfer of Vitrified-Warmed Zygotes to Recipients
Transfer of vitrified-warmed zygotes into five recipients resulted in three pregnancies, which were maintained until term. The pregnant recipients farrowed a total of 17 piglets (Fig. 3) , of which one was stillborn ( Table 6 ). The piglets showed a large variation in weight; however, their growth appeared normal during the first 7 mo after delivery. 
VITRIFICATION OF PORCINE ZYGOTES
DISCUSSION
Our results demonstrate that IVP porcine zygotes could be successfully cryopreserved at the pronuclear stage by SSV vitrification without delipation. The cryopreserved zygotes showed high developmental competence and resulted in the birth of live piglets. To our knowledge, these are the first piglets obtained from vitrified zygotes. Recently, our group reported for the first time the use of a modified SSV system for the successful cryopreservation of porcine zygotes (selected by the presence of a second polar body), which developed in vitro to the blastocyst stage; however, only a low percentage (5%) of these vitrified zygotes reached the blastocyst stage [43] . Here, we report an improved (approximately 15%) rate of in vitro blastocyst formation after vitrification of zygotes. The reason for this improvement must have been the difference between this study and our previous study in the criteria used for the selection of zygotes before cryopreservation [43] . We applied a centrifugation treatment, which enabled us to visualize pronuclei and separate monospermic and polyspermic oocytes without reducing their developmental ability [52] . This centrifugation does not seem to alter the cryotolerance of porcine zygotes [43] . In our present study, we selected zygotes for vitrification according to the presence and number of pronuclei in the cytoplasm of centrifuged oocytes. In our IVP system, the rate of monospermic fertilization after IVF is usually around 20% (of inseminated oocytes) [45] ; therefore, the number of monospermic zygotes available for further experiments is very limited. Besides monospermic oocytes, polyspermic zygotes also are suggested to have some ability to develop to diploid embryos and, consequently, to offspring [53] . Nevertheless, polyspermic oocytes with more than three pronuclei seem to have a high tendency to be arrested at the pronuclear stage [52] . In this respect, after centrifugation only zygotes with two or three pronuclei were selected for further use. Unfertilized oocytes with no pronuclei and zygotes with only one pronucleus or more than three pronuclei were excluded from the experiments.
Solid surface vitrification has been proven to be a potent method of cryopreserving oocytes and early embryos of different species [14, 34, 49, 54] . As with any vitrification technique, this method involves the treatment of zygotes with high concentrations of cryoprotectants for a short period, a step that is considered harmful to the developmental ability of oocytes and embryos [55] . Our results showed, however, that treatment with the CPA used in our SSV protocol had no effect on the in vitro developmental competence of early porcine zygotes. This result corresponds well with our previous results in IVM porcine oocytes [56, 57] .
In the mouse, zygotes cryopreserved at an early stage, such as the S phase, have a compromised ability to develop to the blastocyst stage compared with zygotes cryopreserved at the late stage (G 2 phase), suggesting that cryopreservation has a detrimental effect on DNA synthesis [44] . Also, cryopreservation alters DNA synthesis in different cell types, such as embryonic inner cell mass cells and fetal pancreatic cells [58, 59] . In porcine zygotes, it has been suggested that DNA replication starts approximately 6 h after sperm penetration [60] and lasts for 4.5-7.5 h [61] . Although sperm and oocytes are coincubated for 3 h in our IVF system, the sperm penetration rate peaks about 4 h after insemination, probably due to penetration of spermatozoa that are in the zona pellucida or perivitelline space at 3 h after IVF (Kikuchi et al., unpublished observation) . This means that DNA synthesis in the zygotes produced by our system might start after 10 h after insemination and last until about 17.5 h after IVF. In this respect, a major part of the pronuclear zygotes cryopreserved in this study might be just before and after DNA synthesis (vitrified 10 and 23 h, after IVF, respectively). The viabilities and in vitro developmental abilities of porcine zygotes cryopreserved at an early or late pronuclear stage were similar. In spite of the statement of Vackova et al. [60] , the exact timing of DNA synthesis of porcine pronuclei has not yet been determined. Precise determination of the start and duration of the S phase in IVP porcine zygotes will be necessary to clarify effects of vitrification during DNA synthesis on survival and developmental abilities.
Vitrification is an ice-free cryopreservation method that applies a high concentration of cryoprotectant combined with a high cooling rate, thus avoiding the formation of intracellular ice [62] . Nevertheless, even after a successful vitrification, intracellular ice can be formed at subzero temperatures: it has been reported to occur at À808C in vitrified mouse embryos [63] . Therefore, inadequate or careless handling and storage of Table 5 . Our results demonstrate that despite the high survival rate, vitrification significantly reduced in vitro developmental competence to the blastocyst stage. Candidate mechanisms for this reduction in embryo development are the increased sensitivity to oxidative stress and the increased levels of reactive oxygen species caused by vitrification. Cryopreservation induces the accumulation of hydrogen peroxide in early mouse embryos [21] and porcine oocytes [57] . In porcine oocytes, vitrification decreases the amount of intracellular GSH [57] , which is a basic element in the antioxidant defense systems of animal cells [23] . Supplementation of the culture medium with 1 lM reduced GSH moderates the accumulation of intracellular hydrogen peroxide, lowers the proportion of apoptotic cells, and improves the developmental ability of IVP porcine embryos [24] .
Our results did not give a definite answer to the question of whether GSH supplementation has a beneficial effect on in vitro development of vitrified zygotes. Although vitrification reduced the rate of development of the zygotes to the blastocyst stage in the absence of extracellular GSH, the in vitro development rate of vitrified zygotes cultured in the presence of 1 lM GSH (18.6%) was similar to that of the nonvitrified zygotes after culture without GSH (22.1%). This result suggests that dysfunction of the antioxidant defense system may be involved in the reduced developmental ability of vitrified zygotes. It seems that during early development under adequate conditions (e.g., in the presence of natural antioxidants), vitrified zygotes can recover from the stresses of biochemical and ultrastructural change that occur during cryopreservation. This theory is supported by the birth of live piglets from vitrified-warmed porcine zygotes. Nevertheless, the low pregnancy and birth rates after the transfer of vitrifiedwarmed porcine zygotes suggest that there are other cryopreservation-related aberrations that were not overcome during early embryo development. It was revealed only recently that vitrification alters the expression of a number of genes in zygotes and early embryos [64, 65] . Further studies are necessary to clarify the genetic and epigenetic aspects of embryo vitrification and their relationship with developmental disorders.
In conclusion, a high proportion of porcine zygotes were successfully cryopreserved by SSV at the pronuclear stage without delipation. Full developmental competence of these zygotes to the piglet stage was preserved. 
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